Along with the commercialization of offshore wind energy in China, the South China Sea has been identified as ideal for constructing offshore wind farms, especially for farms consisting of floating wind turbines over deep waters. Since the wind profiles and wave spectra are somewhat primitive for the design of an offshore wind turbine, engineering models describing the wind and wave characteristics in the South China Sea area are necessary for the offshore wind energy exploitation given the meteorological, hydrological, and geographical differences between the South China Sea and the North/Norwegian Sea, where the commonly used wind profile and wave spectrum models were designated. In the present study; a series of numerical simulations were conducted to reveal the wave characteristics in the South China Sea under both typhoon and non-typhoon conditions. By analyzing the simulation results; the applicability of the Joint North Sea Wave Project (JONSWAP) spectrum model; in terms of characterizing the wind-induced wave fields in the South China Sea; was discussed. In detail; the key parameters of the JONSWAP spectrum model; such as the Phillips constant; spectral width parameter; peak-enhancement factor, and high frequency tail decay; were investigated in the context of finding suitable values.
Introduction
Along with the development of renewable and sustainable energy exploitation technology, the ample wind energy available over the sea has attracted attention from scientists, engineers, and policymakers [1] . While the construction and maintenance of a wind farm at an inland site has already reached a mature stage, the techniques required for harvesting offshore wind energy are still a topic for academic research. To harvest wind energy over deep waters (>50 m), a floating foundation which could support an ordinary, commercialized wind turbine is an appealing choice [2, 3] . In terms of exploiting offshore wind energy through floating wind farms, the South China Sea has been recognized as an ideal region [4] . Before the construction of floating wind farms, the designer should calculate the wind and wave loads acting on the floating foundations and on the turbine. This explicit demand in turn requires engineering models depicting the characteristics of winds and waves observed in the South China Sea area. To be more specific, a wind profile model and a wave spectrum model are hence necessary and should be of concern for both academic research and engineering practices.
Generally speaking, two situations should be taken into consideration when investigating either the wind profile model or the wave spectrum model, namely the normal situation corresponding to and the South China Sea are different, which ultimately leads to the differences in the wind and wave fields. ( 2) The extreme conditions in the North Sea are mainly associated with the stormy weather, which is commonly observed in autumn or winter according to the report by the National Aeronautics and Space Administration (NASA) [13] . A considerable number of tropical cyclones, on the other hand, impact the South China Sea from July to September every year. The violent winds and waves observed under typhoon conditions are essentially the extreme conditions in the South China Sea required to be taken into consideration in the design of offshore structures. (3) The North Sea is distinguished as a piece of shallow water, whose depth is at most 100 m.
The mean water depth of the South China Sea is, however, 1212 m with the largest depth of 5567 m. The water depth is a critical factor in modeling the wave field because it affects the evolution mechanism of wind-induced waves. In shallow waters, the strong influence of bottom frictions may dissipate the wave energy rapidly, which make the wave characteristics different from the waves observed in deep-water areas.
To approach this dearth of modeling the wind-wave environment for potential floating wind farm sites located in the South China Sea, the simulating waves nearshore (SWAN) model is employed in the present study to simulate the wind-induced wave fields in the South China Sea under both typhoon and non-typhoon conditions. The simulated wave fields are then used to assess the applicability of the widely adopted JONSWAP spectrum model. It is apparent that the simulation of wave fields relies on the information of the wind field above the sea. In addition, modeling the wind-wave environment demands an engineering model depicting the wind profile for the design of a floating wind turbine. The work concerning the provision of the wind field information and the set-up of a wind profile model are presented in a companion paper. The present paper focuses on the derivation and validation of the wave spectrum model. In particular, the evaluations of the JONSWAP spectrum model and its key parameters are the theme of the present paper.
Following the introduction, Section 2 reviews the JONSWAP spectrum model and discusses the values of its key parameters. Section 3 sketches the numerical configurations of the SWAN simulation. Moreover, Section 3 contains a comparison between the SWAN simulation results and the observations to verify the reliability of simulation results. Section 4 presents the characteristics found in analyzing a total number of 15,830 wave spectra extracted from the SWAN simulation. The extracted wave spectra are then compared to the JONSWAP spectrum model to assess the applicability and reliability of the model. Therefore, Section 4 also includes a discussion concerning the validity of the JONSWAP model and the values of its key parameters. Finally, the conclusions are presented in Section 5.
Wave Spectrum Engineering Model
The basic form, with a high frequency face proportional to the negative fifth power of the frequency, of JONSWAP spectrum is:
where f is the frequency, g is the gravity acceleration (9.81 N⋅kg −1 ), f p represents the peak frequency, α is the Phillips constant, γ is the peak-enhancement factor, and σ is the spectral width parameter.
A host of previous literatures [14, 15] have discussed the validity of the Phillips high frequency form S( f ) ∝ f −5 . In particular, the power index showing the decay of the spectral density with the increasing frequency is believed to be not fixed at −5 but varying from −3 to − 6 [16] . Specifically, Energies 2017, 10, 127 4 of 24 Donelan et al. [15] proposed a revised high frequency decay as S( f ) ∝ f −4 in 1985, which leads to the revision of the JONSWAP spectrum model as:
Despite the fact that the Donelan's form (Equation (2)) seems to reasonably describe, as verified in some previous studies [14, 17] , the wave energy distribution in the frequency domain, scholars continued to explore the appropriate equations for describing the spectral power density decay at the high frequency end in different sea areas. In fact, a universal form, S( f ) ∝ β f n , is proposed which makes a fitting process necessary to yield the most appropriate shaping parameters β and n based on analyzing observed wave spectra [18] . One conclusion drawn from the fitting process is that the power index n appears to vary with the water depth and the length of the wind fetch, rather than a universal constant suggested by Equations (1) and (2) . Hence, the JONSWASP spectrum model becomes:
In Equations (1)-(3), the Phillip constant α is a scale parameter [19] determined by the magnitude of the total wave energy, the peak-enhancement factor γ determines the magnitude of the peak wave energy [20] . Hence, both parameters may be connected with the H s , the peak period (T p ), and eventually the wind speed. In addition, the dimensionless spectral width parameter σ shows the narrowness of the spectrum peak, and is indicated by Young [21] as having a weak influence on the general shape of the wave spectrum. Originally, α was proposed to be calculated according to the non-dimensional wind fetch D as [11] : (4) in which D is defined as [11] :
In Equation (5), d is the length of the wind fetch, U 10 is the wind speed at the 10 m level. As regards the parameters γ and σ, previous studies [11] have shown that the selected constants acceptably specify their values. In fact, γ is assumed to vary from 1 to 10, and a value of 3.3 is commonly adopted. σ, on the other hand, is modeled as a piece-wise function of the frequency as [11] :
Previous studies have discussed extensively the values of α, β and σ applicable to describe the wave characteristics in different sea areas. Their results are summarized in Table 1 for references. Table 1 . Phillips constant, peak-enhancement factor and dimensionless spectral width parameter proposed in previous literatures. Hs: significant wave height; Fp: peak frequency; T 02 : zero-crossing mean wave period; Cp: phase speed of components at the spectral peak frequency; D: non-dimensional fetch.
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Numerical Simulation
The SWAN model is a wave field simulation tool widely used by scientists and engineers [28, 29] . The model is based on the spectral action balance equation [30] , which describes the sea wave evolution as:
In Equation (7), N is the action density and t is the time, ε represents the radian frequency observed in a reference coordinate system moving with the current velocity. The quantities C λ , C ϕ , and C θ are the propagation velocities with respect to the longitude λ, the latitude ϕ and the wave direction θ measured counterclockwise from the geographic East. In Equation (7), the left hand side shows temporal derivative, the propagation, the relative frequency, and the refraction of the wave action. S at the right hand side of the equation is, on the other hand, the source/sink term covering the effects of wave generations, dissipations, and nonlinear wave-wave interactions. In fact, S can be decomposed into six components as:
In Equation (8) , S in , S ds,w , S ds,b , S ds,br , S n 4 and S n 3 , denote the wind-induced wave energy generation, wave dissipations caused by white capping, bottom friction and depth-induced breaking, quadruplet and triad wave-wave interactions, respectively [31] . Among the components constituting the source term, the wind-induced wave energy generation determines, to a large extent, the growth of waves. Hence, the wind field information is required to be input into the SWAN model for the wave field simulation. In the present study, the wind field simulation results provided by the weather research and forecast (WRF) model, which are presented in detail in the companion paper, are employed as the driving force for the simulation of the wave field. The version of 41.01A-SWAN is adopted for the unstable wave simulation in the spherical coordinate and in the nautical convention mode. Based on the simulations, the characteristics of wave fields in the South Sea area are discussed and the applicability of the JONSWAP spectrum model is assessed. The technical details of the SWAN model can be found in its manual [32] .
Simulation Domain
The SWAN simulation is aimed to produce the wave fields at several potential sites suitable for constructions of floating wind farms in the South China Sea. In order to provide information on the wave fields with sufficient resolutions at the selected sites, the nested domain configuration with three inter-chained domains is designed. Figure 1 shows the geography of the outmost domain companioned with water depth contours and the positions of the nested domains. In particular, the outmost domain (D01) covers the whole East and South China Sea (latitudes spinning from 6.9 ○ N to 31.4 ○ N and longitudes from 106.9 ○ E to 133.1 ○ E), with a horizon grid spacing and the number of grid points reaching 30 km and 98 × 98 respectively. The intermedia domain (D02) concentrates on the South China Sea with the corner longitudes and latitudes of 8.41 ○ N, 108.17 ○ E (left-bottom corner) and 26.99 ○ N, 128.05 ○ E (right-top corner). The two innermost domains, D03A and D03B, are embedded into the intermedia domain to cover the potential sites for the constructions of floating wind farms. D03A borders the coast of Shenzhen (latitudes spanning from 19.61 ○ N to 24.17 ○ N, longitudes spanning from 112.10 ○ E to 117.02 ○ E) and D03B covers the water territory of the Sansha city of China (latitudes spanning from 14.02 ○ N to 18.74 ○ N and 111.65 ○ E to 116.67 ○ E). The horizontal grid spacing and number of grid points are 10 km, 222 × 219 and 3.3 km, 165 × 165 for domains D02 and D03 respectively. A total number of 29 potential floating wind farm sites, which are essentially square areas of 9 km × 9 km, are selected from domains D03A and D03B. The geographic locations of the selected sites are also included in Figure 1 . Readers are suggested to refer to the companion paper for the selection criteria of the sites. 
Boundary and Initial Conditions
The driving wind field at 10 m level and the sea bottom topographies are required as boundary conditions for the SWAN simulation. The hourly mean wind fields at 10 m level extracted from the WRF simulation are transferred into the friction velocity ( * ) field according to the scientific and technical documentation of SWAN [33] as:
In Equation (9) , is the hourly mean wind speed at the 10 m level and is the drag coefficient, which is calculated as [34] : 
In Equation (10) , is the ratio between and the 10 m mean wind speed at the peak of , which takes the value of 31.5 m · s in the SWAN model. The information on sea bottom topographies, on the other hand, is provided by National Oceanic and Atmospheric Administration (NOAA) with a resolution of 1.85 km × 1.85 km. While the spectral information of waves at the boundaries of D02 and D03 is inherited from their parent domains, D01 and D02, respectively, the land and water boundaries of D01 are treated differently. As for the land boundaries, the close boundary condition is adopted, which means that the land does not generate waves and in SWAN simulation it absorbs all incoming wave energy. As for the water boundaries, no wave information is available and the open condition is used. The open boundary condition assumes that no waves enter the calculation domain and the waves can leave the area freely. The unrealistic open boundary condition would make the wave simulation along the water boundaries of D01 unreliable. Following the practice adopted in previous works [35] , the selected sites are kept away from the boundaries of D01 under the expectation that such a distance could diminish the undesired influence of the open boundary condition. In fact, a sensitivity analysis has been conducted to evaluate the diminishment of such influences. In detail, the SWAN simulation of a 3-day wave field at the potential sites is repeated under the condition that the open boundary conditions are replaced with specific input waves. The significant heights of the waves input into the repeated simulation are set to be 1 m, 3 m, 5 m, 7 m, and 9 m at the boundaries of D01. In other words, the wave energy outside the outmost domain takes a prescribed magnitude, which would propagate into the domain to influence the 
The driving wind field at 10 m level and the sea bottom topographies are required as boundary conditions for the SWAN simulation. The hourly mean wind fields at 10 m level extracted from the WRF simulation are transferred into the friction velocity (U * ) field according to the scientific and technical documentation of SWAN [33] as:
In Equation (9), U 10 is the hourly mean wind speed at the 10 m level and C d is the drag coefficient, which is calculated as [34] :
In Equation (10), U is the ratio between U 10 and the 10 m mean wind speed at the peak of C d , which takes the value of 31.5 m⋅s −1 in the SWAN model. The information on sea bottom topographies, on the other hand, is provided by National Oceanic and Atmospheric Administration (NOAA) with a resolution of 1.85 km × 1.85 km. While the spectral information of waves at the boundaries of D02 and D03 is inherited from their parent domains, D01 and D02, respectively, the land and water boundaries of D01 are treated differently. As for the land boundaries, the close boundary condition is adopted, which means that the land does not generate waves and in SWAN simulation it absorbs all incoming wave energy. As for the water boundaries, no wave information is available and the open condition is used. The open boundary condition assumes that no waves enter the calculation domain and the waves can leave the area freely. The unrealistic open boundary condition would make the wave simulation along the water boundaries of D01 unreliable. Following the practice adopted in previous works [35] , the selected sites are kept away from the boundaries of D01 under the expectation that such a distance could diminish the undesired influence of the open boundary condition. In fact, a sensitivity analysis has been conducted to evaluate the diminishment of such influences. In detail, the SWAN simulation of a 3-day wave field at the potential sites is repeated under the condition that the open boundary conditions are replaced with specific input waves. The significant heights of the waves input into the repeated simulation are set to be 1 m, 3 m, 5 m, 7 m, and 9 m at the boundaries of D01. In other words, the wave energy outside the outmost domain takes a prescribed magnitude, which would propagate into the domain to influence the wave spectra simulation results. The sensitivity analysis shows the influence of wave spectra specified at the water boundaries of D01 on the wave spectra simulation results at the potential sites is weak. More specifically, the minimum, average and maximum of H s , the significant swell heights associated with the low frequency part of the wave spectrum (Hwell), and the zero-crossing mean wave periods (T 02 ) at 29 offshore wind farm sites are extracted from the repeated simulations and their averaged values are calculated and shown in Table 2 . The statistics shown in Table 2 indicate that the incoming wave energy at the boundaries of D01 merely influence the wave field simulation results at the potential sites, which means setting the water boundaries of D01 to open conditions has only negligible impacts on the wave field simulation results at the selected potential floating wind farm sites. In other words, the distance (>450 km at least) adopted in the present study is considered enough to migrate the influence of the open conditions specified at the water boundaries of D01 on simulation results in the potential offshore wind farms. Such practices are also adopted in other SWAN simulations [20, 35] .
Model Set-Ups
In the SWAN simulation of the wave fields at the selected sites in the domains of D03A and D03B, the lower and upper bounds of the simulation frequency are set to be 0.0418 Hz and 0.85 Hz respectively. Such a setting implies that the wave periods captured by the simulation are between 1.2 s and 24 s, covering the period of typical wind-induced waves. Since the SWAN simulation is based on the spectral balance equation of waves, the spatial resolution of simulation results is, to some extent, represented by the angle of each simulation sector. In the present study, the azimuthal resolution is 10 ○ , which makes 36 sectors appear for each simulation grid point. The temporal resolution of the simulation results, on the other hand, is represented by the time step. Corresponding to the domains of D01, D02 and D03, the time steps are set to be 30, 30 and 10 min respectively. Other less important simulation configurations are summarized in Table 3 for reference. Aiming to present wave evolutions under both typhoon and non-typhoon conditions, three typhoon cases are simulated along with a series of normal-day sea waves. In detail, Typhoon Rammasun, Matmo, and Kalmaegi occurred in 2014 are selected to run the SWAN simulation. The start and end moment for each typhoon case are set based on the magnitude of typhoon sustainable winds, which are defined by the World Meteorological Organization (WMO) [42] . In fact, each typhoon case begins with a typhoon sustainable wind speed over 17.5 m⋅s −1 and ends when the sustainable wind speed drops below 17.0 m⋅s −1 . As for the non-typhoon condition, a total number of 26 time slices are selected from the period of 1999-2014. Each time slice is composed of 3 days. Four slices, corresponding to each season, are selected for each year. The start and end time stamps of each normal-day simulation are also included in Table 4 . 
Validation and Error Statistics
Validations are necessary to show the reliability of the SWAN simulations, before the wave field information extracted from the simulation can be employed to discuss the applicability of the JONSWAP spectrum model. Thus, the field measurements collected by four meteorological buoys close to Shenzhen coast are compared to the simulation results. The four buoys are equipped with Wavesense3 wave sensors, which are installed by the Norway Oceanor Manufacturer (Trondheim, Norway). The sensor measures the H s (ranged from 0 m to 20 m) with a resolution of 0.1 m. The measurement precision is in the order of 0.1 m. Moreover, the sensor measures the mean wave period T 01 (ranged from 0 s to 25 s) with a resolution of 0.1 s at 1-hour intervals. The precision of the mean period measurement is in the order of 0.15 s [43] . In this section, the characteristics of simulated waves are validated using the buoy observations under typhoon and non-typhoon conditions. In addition, the reliability of normal-day simulation results is evaluated based on the available re-analysis data developed by the European Centre for Medium-Range Weather Forecasts (ECMWF) (ECMWF: http://www.ecmwf.int/).
Validations in Time Domain
The time histories of H s and T 01 collected by the buoys are compared to the numerical simulation results. Figure 2 illustrates the comparisons corresponding to the three typhoon cases, which reveals that the simulation results are generally reliable no matter whether the wave heights or the mean wave periods are of concern. In fact, the simulation of H s slightly outperforms the simulation of T 01 because the increasing T 01 observed by the Wankou buoy are not captured by the simulation of typhoon Matmo (Figure 2d) . Furthermore, the SWAN simulations overestimate the H s and underestimate the T 01 where wave heights are less than 1 m (Figure 2a,b) . A similar conclusion is found in Lin et al.'s paper [44] , and it is commonly acknowledged that the third generation wave models are generally weak in predicting wave periods [45] . In addition, a similar deviation was exposed in pioneer simulations [35] . Such errors may be produced when the SWAN model reduces the wave energy to calculate the bulk parameter.
In addition, the wind data predicted by WRF simulations may slightly exacerbate the deviations, particularly under the typhoon conditions. After comparing the numerical simulation results to the observations, it was found that the SWAN model is inadequate in terms of simulating long-period waves induced by typhoon winds. Therefore, the simulation results are abandoned when the simulated exceeds 10 s. Even though Figures 2 and 3 illustrate the reliability of the SWAN simulation figuratively, a detailed error statistics report is beneficial for a quantitative evaluation of the performance of the SWAN model. Four error statistics, namely the root mean square error (RMSE), the Bias, the standard deviation error (SD) and the scatter index (SI), are adopted for the quantitative evaluation. The statistics are calculated as:
( )
From Equations (11)- (14), means the ith simulated Hs/ in a time series, is the corresponding observed value, is the total number of the samples in a time series, and the overbar marks the calculation of the arithmetic mean. For the interpretation of the error statistics, readers are suggested to look in the companion paper. After comparing the numerical simulation results to the observations, it was found that the SWAN model is inadequate in terms of simulating long-period waves induced by typhoon winds. Therefore, the simulation results are abandoned when the simulated T 01 exceeds 10 s.
Even though Figures 2 and 3 illustrate the reliability of the SWAN simulation figuratively, a detailed error statistics report is beneficial for a quantitative evaluation of the performance of the SWAN model. Four error statistics, namely the root mean square error (RMSE), the Bias, the standard deviation error (SD) and the scatter index (SI), are adopted for the quantitative evaluation. The statistics are calculated as:
From Equations (11)- (14), S i means the ith simulated H s /T 01 in a time series, O i is the corresponding observed value, N is the total number of the samples in a time series, and the overbar marks the calculation of the arithmetic mean. For the interpretation of the error statistics, readers are suggested to look in the companion paper. Tables 5-9, which report the calculation results of the error statistics, reveal how the simulation results quantitatively compare to the observations. In terms of the Hs simulation, the value of SD is in the order of ~0.001 for the simulations/observations obtained from the Dameisha and Xiasha buoys under typhoon condition, and from most of the buoys under non-typhoon condition. The Bias stay close to 0 in most cases, which means that there is no systematic deviation in the simulation results from the observations. The minimum Bias (−1.12) is found when comparing the simulated and observed obtained by the Dongchong buoy during the passage of the Typhoon Rammasun. Tables 5-9, which report the calculation results of the error statistics, reveal how the simulation results quantitatively compare to the observations. In terms of the H s simulation, the value of SD is in the order of~0.001 for the simulations/observations obtained from the Dameisha and Xiasha buoys under typhoon condition, and from most of the buoys under non-typhoon condition. The Bias stay close to 0 in most cases, which means that there is no systematic deviation in the simulation results from the observations. The minimum Bias (−1.12) is found when comparing the simulated and observed T 01 obtained by the Dongchong buoy during the passage of the Typhoon Rammasun. The deviation is also shown in Figure 2 . It is argued that the relatively low resolution of the sea bottom topography model (1.85 km × 1.85 km) may contribute to the deviation of the T 01 observed in Figure 2 and Table 5 . Since the influence of the bottom topography model diminishes as the distance from the shore increases, it is reasonable to assume the simulation results become more reliable for investigating the wave field characteristics around the selected sites shown in Figure 1 . Even though the comparisons with buoy observations quantitatively assessed the simulation reliability in the normal days without typhoon influences, the simulation reliability for the cases in the years 1999 to 2013 remain in doubt due to the lack of observational data. More importantly, the relatively large deviations exposed in the validations of normal day simulations shown in Figure 3 call for a further investigation on the reliability and accuracy of simulations under non-typhoon conditions. Fortunately, the historical re-analysis dataset with relatively high horizontal Energies 2017, 10, 127 13 of 24 resolutions of 14 km × 14 km developed by the ECMWF is available to the authors for a comprehensive reliability check.
The ECMWF data, including the wave information at the sea surface, is available four times a day (at 00, 06, 12, and 18 Universal Time Coordinated (UTC), respectively) for a relatively long time period (from 1979 to present). In fact, the ECMWF data is collected by combining the global/regional meteorology model outputs with the observations of many different sorts obtained through the global weather station network to provide consistent, state-of-art estimates of the atmospheric and oceanographic parameters, including H s . The time histories of H s at each of the potential sites, shown as squares in Figure 1 , are extracted from the ECMWF database to check the reliability of the SWAN simulation results. The values of four error indicators (RMSE, Bias, SD and SI), calculated according to Equation (11)- (14), are then averaged spatially (yield the mean of all potential sites) to show the general reliability of the normal-day simulations corresponding to the years without buoy observations (from 1999 to 2013). The error statistics of the H s , the most critical parameter determining the shape of the JONSWAP spectrum, are presented in Figure 4 . The maximum values of the four error indicators appear for the simulation of 2007, which are 0.4094, −0.3925, 0.0065 and 0.2393 for RMSE, Bias, SD and SI, respectively. Except for 2007, the error indicators have relatively small values. In fact, the averaged RMSE, Bias, SD and SI are 0.2238, −0.0293, 0.0119 and 0.1811. Even for the simulation of 2007, the low value of SD means that the differences between the simulated and ECMWF-extracted H s are not dispersive, which make the simulated and ECMWF-extracted spectra similar in shapes. Therefore, the assessment of wave spectrum models based on SWAN simulation results can be recognized as reliable. , the low value of SD means that the differences between the simulated and ECMWF-extracted Hs are not dispersive, which make the simulated and ECMWF-extracted spectra similar in shapes. Therefore, the assessment of wave spectrum models based on SWAN simulation results can be recognized as reliable. In summary, the validations (based on buoy observations) and the simulation reliability check (based on ECMWF data) substantiate the use of numerical simulation results to evaluate the applicability of a wave spectrum model for depicting the wave fields in the South China Sea.
Discussion on the Engineering Model
Considering the prevalence and the flexibility of the JONSWAP spectrum model in the offshore structure design, it is postulated that the JONSWAP spectrum model is also applicable to show the wave field characteristics found in the South China Sea. The values of the key parameters shaping the JONSWAP spectrum, however, should be revised to reflect the geographic, hydrological, and meteorological differences between the South China Sea and the North Sea, from where the observations are obtained to establish the JONSWAP spectrum model. Therefore, the discussion on the wave field characteristics found from analyzing the numerical simulation results focuses on the values of the key parameters of the JONSWAP spectrum model. In detail, the wave spectra output from the SWAN simulation are fitted to the JONSWAP spectrum model to derive the values of α and γ. Meanwhile, the values of α and γ are estimated using the empirical functions proposed by previous scholars. By comparing the best-fitted and estimated α and γ, the applicability of the JONSWAP spectrum model is discussed.
Post-Processing of the Simulation Results
In order to focus on the general shape, instead of the absolute values, of the wave spectra, the non-dimensional peak period ( ) and energy (ε) are introduced, which are defined as: In summary, the validations (based on buoy observations) and the simulation reliability check (based on ECMWF data) substantiate the use of numerical simulation results to evaluate the applicability of a wave spectrum model for depicting the wave fields in the South China Sea.
Discussion on the Engineering Model
Post-Processing of the Simulation Results
In order to focus on the general shape, instead of the absolute values, of the wave spectra, the non-dimensional peak period (υ) and energy (ε) are introduced, which are defined as:
In Equation (15), U 10 is the wind speed at the 10 m level. Following Hasselmann et al. [11] , the relation between υ and ε can be modeled as:
Using the υ and ε defined above, the equations proposed by previous scholars to calculate the JONSWAP spectrum parameters of α and γ can be normalized. In the normalization, the T 02 , which is directly output from the SWAN model, should be transferred to the T p , and the widely adopted relation [46] is employed in the present study to transfer T 02 to T p :
Since the numerical simulation yields the wave field spectral characteristics under both typhoon and non-typhoon conditions, the equations provided in the literatures are categorized into two groups, corresponding to typhoon and non-typhoon situations respectively. (27) From the Equations (18)- (27) , it can be discerned that the calculations of α and γ weakly depend on the mean wind speeds at 10 m level. The influence of U 10 is, however, limited given the power indices appearing with U 10 in these equations. Thus, the temporally averaged 10 m wind speeds, corresponding to each simulation case, are used to estimate α and γ according to Equations (18)- (27) .
It is reasonable to assume that the water-depth has appreciable impact on the validity of the JONSWAP spectrum model and the values of its key parameters. Therefore, the wave spectra outputs from the SWAN simulation are binned according to the water-depth with a By fitting the simulated wave spectra extracted from the SWAN simulation to the universal form of the JONSWAP spectrum model (Equation (3)), the key parameters α and γ are derived. Afterwards, the comparison between the derived α and γ to the estimations calculated according to Equations (18)- (27) shows the values of the key parameters of the JONSWAP spectrum applicable to describe the wave characteristics found in the South China Sea. In terms of fitting the simulated wave spectra to the JONSWAP spectrum model, the Levenberg-Marquardt algorithm [47, 48] is adopted to solve the nonlinear least squares problem. Several fitting results are shown in Figure 5 to illustrate the feasibility of using the JONSWAP spectrum, with best-fitted key parameters, to model the wave spectra extracted from the SWAN simulation results. From Figure 5 , it is discerned that the JONSWAP spectrum approaches the SWAN simulation results by adjusting the four parameters (α, γ, σ and n) under both typhoon and non-typhoon conditions. 
Typhoon Condition
Before systematically comparing the key parameters of the JONSWAP spectrum (α and γ) derived from fitting the SWAN simulation results and estimated according Equations (18)- (27) , it is worthwhile to examine the evolution of the wave spectra in the approach of a typhoon. Figure 6 presents the SWAN simulated wave spectra at the position of the Wankou buoy during the passage of Typhoon Matmo. A clear increasing-decreasing trend is observed from Figure 6 . More specifically, the wave spectral density in Figure 6 increases when the Typhoon Matmo approaches the position of the Wankou buoy and reaches the peak at 02:00 (UTC) on 23 July. At the peak, the Hs,
, and spectral density reaches 1.80 m, 5.55 s, and 1.69 m · Hz respectively. Afterwards, the strong 
Before systematically comparing the key parameters of the JONSWAP spectrum (α and γ) derived from fitting the SWAN simulation results and estimated according Equations (18)- (27) , it is worthwhile to examine the evolution of the wave spectra in the approach of a typhoon. Figure 6 presents the SWAN simulated wave spectra at the position of the Wankou buoy during the passage of Typhoon Matmo. A clear increasing-decreasing trend is observed from Figure 6 . More specifically, the wave spectral density in Figure 6 increases when the Typhoon Matmo approaches the position of the Wankou buoy and reaches the peak at 02:00 (UTC) on 23 July. At the peak, the H s , T 01 , and spectral density reaches 1.80 m, 5.55 s, and 1.69 m 2 ⋅Hz −1 respectively. Afterwards, the strong wind field of Typhoon Matmo swept the Wankou buoy and moved northwards, which leads to the decrease of the wave spectral density. Actually, the wave spectral density reduces to the normal level at 07:00 (UTC) on 23 July. The simulated wave spectra corresponding to other typhoons are similar in shapes as shown in Figure 6 , and therefore are omitted for brevity. . In the present study, the uni-modal spectra occur in most cases when the value of Hs exceeds 2 m under typhoon condition. Consequently, the Hs is used as an indicator to identify if a certain wave spectrum output from the SWAN model is under typhoon influence. Among 4796 wave spectra derived from the SWAN simulation of typhoon cases, only 1524 spectra corresponding to the Hs larger than 2.5 m were selected for further investigations. By analyzing the Hs and Tp of the selected 1524 wave spectra, it was found that the water-depth has appreciable impacts on the spectral characteristics of waves induced by typhoon winds. In fact, both the Hs and Tp increase with the water-depth. One plausible explanation is that the dissipation of wave energies caused by bottom frictions and waver breakings decreases in deeper waters. In order to investigate the influence of the water-depth on the wave spectra in a more systematic way, the key parameters of the JONSWAP spectrum (α, γ, σ, and ) derived from fitting the SWAN simulated spectra, corresponding to different water-depth bins, are presented in Table  10 . It is evident from the table that α decreases with the increasing water-depth under typhoon condition. In general, appears lower than traditional values varying from −3 to − 6, which indicates the meteorological condition (higher wind speed and larger wind fetch) keep into a lower range around ~− 6.9. The variation of is not obvious with water depth ranging from 50 m to 300 m. Kumar et al. [26] concluded that the water-depth does not have significant impact on the high frequency tail decay parameter when the water-depth is in the range of 12-70 m. The variation of revealed in Table 10 supports such a conclusion as the value of stays around a constant of −6.9 for the waves in the South China Sea under typhoon influence. Similarly, it has been found that the water-depth has negligible influence on the values of γ and σ , which substantiates that the water-depth and typhoon environment have a weak influence on the shape of wave spectra [21] . On the basis of above analyses, among the key parameters shaping the JONSWAP spectrum, only the Phillips constant α, representing the magnitude of the total wave energy, is In the increasing-decreasing trend shown in Figure 6 , two peaks appear in the wave spectral density curves, which implies co-existing wind-induced waves and swells. When the Typhoon Matmo approaches, the peak corresponding to the wind-induced wave becomes prominent when compared to the swell peak. In fact, the swell height reaches 0.2 m at 02:00 (UTC) on 23 July, which only takes 9.82% of the total wave energy. Such findings are in line with the conclusions derived by previous scholars. Young [16] indicated that within the radius of eight times the RMW (radius to the maximum wind) of a typhoon wind field, the uni-modal spectrum occurs in most cases. Other researches concurred that the wave fields under the influence of typhoons are commonly uni-modal and the wind-induced wave dominates the wave energy. In fact, previous scholars concluded that the wind-induced wave leads to an essentially uni-modal wave-spectrum when the H s varies from 2 m to 5 m [26] , the wind speed exceeds 9.3 m⋅s −1 [49] , or the root-mean-squared wave height exceeds 0.5 m [27] . In the present study, the uni-modal spectra occur in most cases when the value of H s exceeds 2 m under typhoon condition. Consequently, the H s is used as an indicator to identify if a certain wave spectrum output from the SWAN model is under typhoon influence. Among 4796 wave spectra derived from the SWAN simulation of typhoon cases, only 1524 spectra corresponding to the H s larger than 2.5 m were selected for further investigations.
By analyzing the H s and T p of the selected 1524 wave spectra, it was found that the water-depth has appreciable impacts on the spectral characteristics of waves induced by typhoon winds. In fact, both the H s and T p increase with the water-depth. One plausible explanation is that the dissipation of wave energies caused by bottom frictions and waver breakings decreases in deeper waters. In order to investigate the influence of the water-depth on the wave spectra in a more systematic way, the key parameters of the JONSWAP spectrum (α, γ, σ, and n) derived from fitting the SWAN simulated spectra, corresponding to different water-depth bins, are presented in Table 10 . It is evident from the table that α decreases with the increasing water-depth under typhoon condition. In general, n appears lower than traditional values varying from −3 to − 6, which indicates the meteorological condition (higher wind speed and larger wind fetch) keep n into a lower range around ∼ −6.9. The variation of n is not obvious with water depth ranging from 50 m to 300 m. Kumar et al. [26] concluded that the water-depth does not have significant impact on the high frequency tail decay parameter n when the water-depth is in the range of 12-70 m. The variation of n revealed in Table 10 supports such a conclusion as the value of n stays around a constant of −6.9 for the waves in the South China Sea under typhoon influence. Similarly, it has been found that the water-depth has negligible influence on the values of γ and σ, which substantiates that the water-depth and typhoon environment have a weak influence on the shape of wave spectra [21] . On the basis of above analyses, among the key parameters shaping the JONSWAP spectrum, only the Phillips constant α, representing the magnitude of the total wave energy, is necessary to be adjusted according to the water depth. In terms of using the JONSWAP spectrum model in the design of offshore wind turbines, designers and engineers are suggested to refer to Table 10 for a crude estimation. In terms of the variation of α with the υ, Figure 7a presents the results from fitting the SWAN simulated wave spectra to the JONSWAP spectrum model and the estimations made according to the equations provided in literatures. It should be noted that, υ less than 0.13 means that the propagation speed of waves at the peak frequency is faster than the local wind speed. In such case, the wave energy is not input from local winds but mainly from swells. Therefore, the black vertical lines shown in Figure 7 , Figures 9 and 10 represent the boundary separating the wind-induced and swell-dominated waves. It is clear from Figure 7a that, expect for Equation (22) provided by Kumar et al. (2008) [26] , Equations (18) and (20) proposed by Ochi (1993) [23] and Young (1998) [16] yield reasonable estimates of α given the υ. Similar to Figure 7a , the variation of γ with υ is plotted in Figure 7b . It is evident that significant dispersions appear in the figure, which is also recorded by previous scholars, revealing that γ only weakly depends on wave periods [18] . In fact, Young suggested to model γ as a constant of 1.9 under typhoon influences in response to the scattering of γ observed in different cases.
et al. (2008) [26] , Equations (18) and (20) proposed by Ochi (1993) [23] and Young (1998) [16] yield reasonable estimates of α given the . Similar to Figure 7a , the variation of γ with is plotted in Figure 7b . It is evident that significant dispersions appear in the figure, which is also recorded by previous scholars, revealing that γ only weakly depends on wave periods [18] . In fact, Young suggested to model γ as a constant of 1.9 under typhoon influences in response to the scattering of γ observed in different cases. (18)- (23) by Ochi (1993) [23] , Young (1998) [16] and Kumar (2008) [26] are shown. The vertical line drawn at = 0.13 marks the commonly adopted boundary separating swell-dominated and wind-induced waves: (a) the relation between α and ; and (b) the relation between γ and .
In analyzing the variations of α and γ with , however, it has been found that an approximate linear relation exists between α and ln(γ). In fact, it seems that ln(γ) linearly decreases with increasing α, as shown in Figure 8 . The straight line shown in Figure 8 indicates the linear regression results, which can be expressed as: (18)- (23) by Ochi (1993) [23] , Young (1998) [16] and Kumar (2008) [26] are shown. The vertical line drawn at υ = 0.13 marks the commonly adopted boundary separating swell-dominated and wind-induced waves: (a) the relation between α and υ ; and (b) the relation between γ and υ.
In analyzing the variations of α and γ with υ, however, it has been found that an approximate linear relation exists between α and ln(γ). In fact, it seems that ln(γ) linearly decreases with increasing α, as shown in Figure 8 . The straight line shown in Figure 8 indicates the linear regression results, which can be expressed as: γ = 1.46α In summary, it is suggested that Equations (18) and (20) proposed by Ochi (1993) [23] or Young (1998) [16] are adequate to estimate α for the waves in the South China Sea under typhoon influences.
To provide a crude estimation of α for engineering application, designers and engineers are suggested to look for α according to the water-depth in Table 10 . The estimation of γ, on the other hand, should be based on its relation with α as shown in Equation (28) . As regards the values of σ and , two constants are suggested (0.06 and −6.9, respectively). By comparing the maximum spectral density and spectral zero moment of the wave spectra derived from the SWAN simulation and calculating according to the JONSWAP spectrum model using the parameters proposed by previous scholars and in the present study, the suggestions made above are evaluated. Table 11 presents the RMSE and Bias of the maximum spectral densities and spectral zero moments calculated differently. It is evident from the table that all the estimations yield reasonable results in terms of the maximum spectral density. As for the spectral zero moment, the estimations made according to the suggestion given in the present study outperform all other estimations to produce the lowest RMSE (166.55) and Bias (17.82). In summary, it is suggested that Equations (18) and (20) proposed by Ochi (1993) [23] or Young (1998) [16] are adequate to estimate α for the waves in the South China Sea under typhoon influences.
To provide a crude estimation of α for engineering application, designers and engineers are suggested to look for α according to the water-depth in Table 10 . The estimation of γ, on the other hand, should be based on its relation with α as shown in Equation (28) . As regards the values of σ and n, two constants are suggested (0.06 and −6.9, respectively). By comparing the maximum spectral density and spectral zero moment of the wave spectra derived from the SWAN simulation and calculating according to the JONSWAP spectrum model using the parameters proposed by previous scholars and in the present study, the suggestions made above are evaluated. Table 11 presents the RMSE and Bias of the maximum spectral densities and spectral zero moments calculated differently. It is evident from the table that all the estimations yield reasonable results in terms of the maximum spectral density. As for the spectral zero moment, the estimations made according to the suggestion given in the present study outperform all other estimations to produce the lowest RMSE (166.55) and Bias (17.82). 
Non-Typhoon Condition
Because the JONSWAP model is only suitable for describing the uni-modal spectrum, discussing the values of its key parameters based on fitting bi-modal spectra to the JONSWAP model is pointless. Therefore, it is necessary to rule out the bi-modal spectra from the SWAN simulation results. Comparing to the waves under typhoon conditions, the variation of H s under non-typhoon condition has a narrower range from 0 m to 4.5 m, and the shape of wave spectra is not tightly related to the H s as in the typhoon case. Therefore, it is not feasible to identify the uni-modal spectrum according solely to the H s in the non-typhoon case. A simple algorithm is then designed to pick out the spectral shapes with one extreme point based on the fact that uni-model wave spectrum has the sole peak. Through screening, 14, 306 uni-model spectra are selected from 17, 980 wave spectra output from the SWAN simulation. Using also the Levenberg-Marquardt algorithm, the selected spectra are fitted to the JONSWAP spectrum model. The same as in the discussion on the typhoon cases, the key parameters of α, γ, σ and n are derived from the fitting process. The derived parameters are summarized in Table 12 . Comparing to the variation of α for typhoon cases in Table 10 , the constant of 0.0034 shown in the column of α in Table 12 reflects the constant wave energy in the calm sea state, which implies that a constant α is adequate to yield appropriate JONSWAP spectrum for different water-depths. In fact, other parameters (γ, σ and n) also relatively keep constant (as 2.5, 0.12 and −3.9, respectively) when the water-depth varies. Such a finding indicates that the water-depth has negligible influence on the shape of the wave spectrum under the non-typhoon condition. It is argued that the stable spectral shape is a result of relatively constant wind energy input and the weak dissipations caused by water breakings and bottom frictions. Furthermore, the values of σ and n are different from those under the typhoon condition. More specifically, σ reaches 0.12 implying a wider peak in the wave spectrum when comparing with the value of 0.06 under the typhoon condition, similar to the results from the work of Young and Verhagen [24] . n, on the other hand, keeps a larger value (∼ −3.9), which is close to the modified value of −4.0 by Donelan et al. [15] .
As regards the variations of α and γ with the υ, Figures 9 and 10 show the values derived from the SWAN simulation results and estimated according to the equations proposed in literatures.
In fact, other parameters (γ , σ and ) also relatively keep constant (as 2.5, 0.12 and −3.9, respectively) when the water-depth varies. Such a finding indicates that the water-depth has negligible influence on the shape of the wave spectrum under the non-typhoon condition. It is argued that the stable spectral shape is a result of relatively constant wind energy input and the weak dissipations caused by water breakings and bottom frictions. Furthermore, the values of σ and are different from those under the typhoon condition. More specifically, σ reaches 0.12 implying a wider peak in the wave spectrum when comparing with the value of 0.06 under the typhoon condition, similar to the results from the work of Young and Verhagen [24] . , on the other hand, keeps a larger value (~− 3.9), which is close to the modified value of −4.0 by Donelan et al. [15] .
As regards the variations of α and γ with the , Figures 9 and 10 show the values derived from the SWAN simulation results and estimated according to the equations proposed in literatures. (4), (24) and (26) by Hasselmann (1973) [11] , Donelan et al. [15] and Feng et al., (2012) [27] are shown. The vertical line drawn at υ = 0.13 marks the commonly adopted boundary between swell and wind wave. (24) and (26) proposed by Hasselmann (1973) [11] , Donelan et al., (1985) [15] and Feng et al., (2012) [27] are shown. The vertical line drawn at = 0.13 marks the commonly adopted boundary between swell and wind wave. (4), (24) and (26) by Hasselmann (1973) [11] , Donelan et al. [15] and Feng et al., (2012) [27] are shown. The vertical line drawn at υ = 0.13 marks the commonly adopted boundary between swell and wind wave.
As regards the variations of α and γ with the , Figures 9 and 10 show the values derived from the SWAN simulation results and estimated according to the equations proposed in literatures. (4), (24) and (26) by Hasselmann (1973) [11] , Donelan et al. [15] and Feng et al., (2012) [27] are shown. The vertical line drawn at υ = 0.13 marks the commonly adopted boundary between swell and wind wave. (24) and (26) proposed by Hasselmann (1973) [11] , Donelan et al., (1985) [15] and Feng et al., (2012) [27] are shown. The vertical line drawn at = 0.13 marks the commonly adopted boundary between swell and wind wave. (24) and (26) proposed by Hasselmann (1973) [11] , Donelan et al., (1985) [15] and Feng et al., (2012) [27] are shown. The vertical line drawn at υ = 0.13 marks the commonly adopted boundary between swell and wind wave.
It has been discerned from the figure that different Equations (18)- (27) yield similar estimates, in the sense of approximating the values derived from the fitting process. In fact, the equations provided in literatures all take the form of:
Their differences concern only the model constants of k and a. By fitting the derived α and calculated υ to Equation (29) , the best fitted values of k and a are suggested in the present study as, k = 0.012 and a = 0.62. Combining with Equation (15) , it is suggested, based on the results of the present study, that α can be estimated as: α = 0.012 U 10 gT p 0.62 (30) Similarly, Figures 9 and 10 show the values of γ calculated based on the SWAN simulation results and estimated using the equations provided in literatures (Equations (18)- (27)). From the figure, a slight increasing trend is found when examining the variation of γ with υ. While Hasselmann et al. [11] modeled γ as a constant of 3.3 based on their observation, the piecewise function proposed by Donelan et al. [15] is found more applicable to describe the slight increasing trend of γ observed in Figure 10 . Adapted from the formula proposed by Donelan et al. [15] , it is suggested that γ can be expressed as a piecewise function of υ as: γ = 7.7218 + 6.3624 log υ, υ ≥ 0.159 2.2661, υ < 0.159 (31) As regards the values of σ and n, two constants (0.12 and −3.9, respectively) are suggested based on examining the values derived from the fitting process.
In summary, Equations (30) and (31), and two constants are suggested in the present study to model the key parameters of the JONSWAP spectrum (α, γ, σ and n) in order to make it applicable to describe wave characteristics in the South China Sea under non-typhoon condition. As in the investigation concerning the typhoon case, the maximum spectral densities and spectral zero moments calculated based on the SWAN-simulated wave spectra and the JONSWAP spectrum model with the key parameters estimated using different methods are compared in Table 13 . It is clear from the table that the estimations of the key parameters proposed in the present study produce the lowest RMSE and Bias, indicating that the JONSWAP spectrum model should be revised as suggested in the present study to be applicable for describing wave characteristics in the South China Sea.
Conclusions
By numerically simulating the wave fields at several potential sites for constructing floating wind farms in the South China Sea, the present paper investigated the applicability of the JONSWAP spectrum model in terms of describing the wave spectral characteristics in the South China Sea under typhoon and non-typhoon conditions. A summary covering all the key parameters of the JONSWAP spectrum model suggested in present work is listed as follows: In detail, for wave spectra under the typhoon condition, the estimations (Equations (18) and (20)) have been found adequate to show the variation of α with the υ. For crude estimation, Table 10 implies that α could be a function of the water-depth. After α has been estimated, the value of γ is suggested to be calculated using Equation (28) . As for the values of σ and n, two constants (0.06 and −6.9) are suggested, which are different from the traditional values proposed by previous scholars. Such a finding indicates that the key parameters of the JONSWAP spectrum model derived based on the observations obtained elsewhere should be revised before the model can be applied to estimate the wave loads acting on the floating wind turbines erected in the South China Sea.
For wave spectra under the non-typhoon condition, a formula adapted from the conventional equation proposed in literatures is suggested to estimate α based on the υ (Equation (30)), and γ is suggested to be calculated as a piecewise function of υ (Equation (31)). Similar as in the typhoon case, two constants of 0.12 and −3.9 are suggested to model σ and n. When comparing to the values suggested by previous scholars, the results given in the present paper are more in line with the validated numerical simulation of wave fields in the South China Sea.
